Introduction
Identifying how elemental properties change across the periodic table provides basic insight for rationalizing complicated phenomena and advancing technical areas throughout the physical and biological sciences. Understanding periodic trends such as reactivity, conductivity, magnetism, electronegativity, solid-state structures, electronic interactions, atomic radii, ionization energies, etc. form the basis of modern day chemistry and physics. In fact, understanding periodicity is often taken for granted as a predictive tool when designing experiments to solve complicated problems. For atomic numbers greater than 92 (transuranic) the situation is different. For these elements, many periodic trends have yet to be established, owing to challenges associated with obtaining, safely handling, and studying these highly radioactive elements. As a result, transuranic behavior is often inferred from the large number of thorium and uranium studies or by extrapolating from their lanthanide congeners, whose chemistry is relatively well established by comparison. Unfortunately, the validity of these comparisons is precarious, as there is an absence of structurally characterized transuranic compounds that can be directly compared with uranium, thorium, or the lanthanide elements. Transforming the uncharted chemistry and physics for these elements into well-defined concepts that augment predictive capability represents one of the most daunting challenges in modern day exploratory science. Such advances are essential for solving applied and technical problems facing society today. For example, increasing fundamental understanding of transuranic chemistry is critical for managing fate and transport of radioactive elements in the environment, establishing safe methods to store and dispose of nuclear waste, solving partitioning and transmutation issues associated with spent nuclear fuel, and developing advanced nuclear fuel cycles. 1, 2 Inspired by recent advances at the extreme end of the f-element series, [3] [4] [5] [6] we report herein the synthesis and characterization of a new family of trans-plutonium compounds, namely actinide(III) trisdiethyl(dithiocarbamate) 1,10-phenanthroline, An(S 2 CNEt 2 )(N 2 C 12 H 8 ) (An = Am, Cm, and Cf).
Additionally, we developed an efficient method to recycle small quantities (mg) of the rare and valuable 248 Cm isotope from experimental campaigns for future use. Accompanying these results were the first single crystal X-ray diffraction measurements of Cm-S and Cf-S bond distances. Isolation of these structurally similar compounds provided a well-defined and ubiquitous platform for validating computational results and theoretical concepts. Overall, the results generated insight into bonding trends across the actinide series and between lanthanide and actinide congeners, with particular emphasis on better characterizing the complicated An-N N2C12H8 interaction.
Results and Discussion
Synthesis. Chemically pure 243 Am, 248 Cm, and 249 Cf stock solutions were prepared using wellestablished dissolution/separation procedures reported previously. [7] [8] [9] The Am III stock solution was prepared by dissolving AmO 2 in nitric acid (HNO 3 reader, the structural data has been summarized in Figure 2 and Table S1 and S2 by plotting the mean An-S and An-N distances versus metal ionic radii (uncertainty reported as standard deviation of the mean, 1s Figure 2 ). In both cases and for all metals -aside from , these values overlapped when the measurement uncertainty was considered. Similarly, the 2.14 ± 0.11 Å y-intercept determined from the M-S data was larger than the expected for the S 2-ionic radius (1.84 Å). For all three actinides (Am, Cm, Cf) and two lanthanides (Ln = Eu, Gd), calculated reaction enthalpies and Gibbs free energies were similar (ranging 9.0 and 13.2 kcal/mol) and positive ( evidence of p-backdonation from the metal occupied f-orbitals to ligand unoccupied orbitals. These primarily s-bonding interactions consisted of N 2p-orbitals mixing with Cm III 5f-, 6d-, and 7s-orbitals.
The calculations also indicated that the Cm-N N2C12H8 s-interaction was slightly stronger than the analogous interactions with MeCN, consistent with stronger orbital interactions ( aligned on a Bruker D8 Quest X-ray diffractometer using a built-in camera. Preliminary measurements were performed using an Ims X-ray source (Mo Ka, l = 0.71073 A) with high-brilliance and highperformance focusing quest multilayer optics. APEX II software was used for solving the unit cells and data collection. The reflection's intensities of a sphere were collected by a combination of four sets of frames. Each set had a different omega angle for the crystal, and each exposure covered a range of 0.50 in w totaling to 1464 frames. The frames were collected with an exposure time of 5-25 seconds, which was dependent on the crystal. SAINT software was used for data integration including polarization and Lorentz corrections. PLATON was used to check the structure for missed symmetry and twinning. 44 Single crystals of Cm(S 2 CNEt 2 ) 3 (N 2 C 12 H 8 ) were mounted with three appropriate layers of containment prior to single crystal X-ray diffraction studies. 45 The diffraction study of Cm was performed on a D8
Bruker QUEST diffractometer with a sealed tube Mo source (Mo Ka, l = 0.71073 A). No corrections for crystal decay were necessary. Standard APEX II software was used for determination of the unit cells and data collection control. The intensities of the reflections of a sphere were collected by combining four sets of exposures (frames), which totaled to 1464 frames with an exposure time of 5 seconds per frame. APEX II software was used for data integration including Lorentz and polarization corrections. The crystal structure was solved using SHELX software and PLATON was used to check the Crystallographic Information Files (CIFs) for missed symmetry and twinning. 44 The CIF files used in this manuscript are available through the Cambridge Crystal Data Centre (CCDC; 1841778, 1841779, 1841780).
UV-vis-NIR and Fluorescence.
Single crystals were placed on a quartz slide under oil and spectra obtained using a Craic Technologies microspectrophotometer. For absorbance measurements, data was collected from 40,000 to 9,090.91 cm -1 (250 to 1100 nm). Meanwhile, fluorescence spectra were obtained with an excitation at 23,809.52 cm -1 (420 nm) or 27,396.26 cm -1 (365 nm).
FT-IR.
Single crystals were placed on the iD7 ATR crystal window (for An samples this was performed inside of a negative pressure glove box), and transmission spectra were collected from 410 to 3300 cm Cm a-activity was quantified by analyzing each slide using a Ludlum 3939E a-, b-, g-stationary survey instrument (for low activity samples) or a hand held portable a-survey meter (Ludlum 139) for high activity samples. Afterwards, stippled 248 Cm was recovered by soaking the slides in HCl (6 M) and set aside to be reprocessed at a later date. The five Cm III elution fractions were combined and the solution was heated to a soft dryness. The resulting residue was dissolved in HCl (6 M; 5 mL), giving a chemically and radiochemically pure Cm III stock solution. The Cm III concentration was determined by analyzing an aliquot (100 µL) of the stock solution in HCl (2 M, 2.5 mL) by UV-vis spectroscopy. For these measurements we assumed the 25,220.68 cm -1 (396.5 nm)
absorbance had an extinction coefficient of 52.9 Lmol -1 cm -1 , as previously reported.
27, 46
Preparation of Cf III Stock Solution. In a HEPA filtered open front fume hood a Cf III stock solution was prepared. Residues known to contain 249 Cf that had been used in previous experimental campaigns were dissolved in hydrochloric acid (HCl, 6 M). The 249 Cf samples were combined in a beaker and gently heated.
After the aqueous solvent evaporated under a stream of air (a soft dryness) the residue was dissolved in HCl (6 M) and transferred into a single falcon tube.
Due to possible iron contaminates in the 249 Cf sample, an anion-exchange column was prepared by charging a BioRad column (20 mL) with AG MP-1 (5 mL; 50-100 mesh). The resin was conditioned with water (3 x 10 mL), HCl (12 M; 3 x 10 mL), followed by an additional HCl wash (12 M; 30 mL). The 249 Cf was loaded onto the top of column and washed with HCl (12 M; 10 x 5 mL). All fractions were analyzed by g-spectroscopy to determine when the 249 Cf was completely eluted off of the column. The 249 Cf was collected and the volume was reduced to 13 mL. Water was then added to the sample to give a 1 M HCl 249 Cf stock solution.
A cation-exchange column was prepared by charging a BioRad column (20 mL) with AG 50 x 8 cation resin (3 mL, 100 -200 mesh). The resin was conditioned with water (3 x 10 mL), followed by HCl (6 M; 3 x 10 mL), and finally with dilute HCl (1 M; 3 x 10 mL). The Cf III solution was loaded onto the column in dilute HCl (1 M). Under these conditions, Cf III was retained on the resin. The column was washed with HCl (0.1 M; 3 x 10 mL). Elution of Cf III was achieved with concentrated HCl (12 M; 3 x 10 mL), which was monitored using g-spectroscopy by following the 333.37 (2) 
Supporting Information.
All experimental (including IR, Raman, cryptographic tables) and computational (NOCV analysis results, optimized Cartesian coordinates) compounds can be found in the supporting information. a Steric interaction is the sum of electrostatic and Pauli interactions.
b Total bonding energy is the sum of steric interactions and orbital interactions.
